In this review, we present a framework to guide the design of surfaces which are resistant to solid fouling, based on the modulus and length scale of the fouling material. Solid fouling is defined as the undesired attachment of solid contaminants including ice, clathrates, waxes, inorganic scale, polymers, proteins, dust and biological materials. We first provide an overview of the surface design approaches typically applied across the scope of solid fouling and explain how these disparate research efforts can be united to an extent under a single framework. We discuss how the elastic modulus and the operating length scale of a foulant determine its ability or inability to elastically deform surfaces. When surface deformation occurs, minimization of the substrate elastic modulus is critical for the facile de-bonding of a solid contaminant. Foulants with low modulus or small deposition sizes cannot deform an elastic bulk material and instead de-bond more readily from surfaces with chemistries that minimize their interfacial free energy or induce a particular repellant interaction with the foulant. Overall, we review reported surface design strategies for the reduction in solid fouling, and provide perspective regarding how our framework, together with the modulus and length scale of a foulant, can guide future antifouling surface designs.
This article is part of the theme issue 'Bioinspired materials and surfaces for green science and technology'.
Introduction
The undesired adhesion of solid contaminants to a surface, particularly when the adhering material damages the desired properties of that surface, can be labelled as solid fouling. This broad area includes the surface adhesion of a diverse array of contaminants such as ice, clathrate hydrates of natural gases, wax, inorganic scale deposits, polymers in solution, proteins, dust and dirt, as well as a wide range of biofouling materials. Examples of the industrial problems caused by these materials include the attachment of marine organisms to ship hulls [1, 2] , icing of power lines and airplanes [3] [4] [5] , deposition of asphaltenes and wax on systems in petroleum processing [6, 7] and biofilm growth on medical devices [8, 9] . It is therefore essential to either prevent the attachment and continued deposition of these solids or to facilitate their easy removal from critical surfaces.
Solid fouling materials vary widely in composition and chemical structure, as well as in their physical properties and modes of deposition. Many surfaces have been fabricated to resist the adhesion of these materials; however, research efforts have traditionally focused on only a single type of solid foulant when designing a surface. Therefore, an effort to establish a classification methodology for different solid foulants, particularly one which guides the design of antifouling surfaces, can be quite useful.
(a) Surface design strategies
Surface design approaches which have been shown to lower solid adhesion can be divided simplistically into three categories. The first, we will refer to as chemical functionalization. This strategy involves selecting or creating a surface chemistry which either lowers the substrate surface energy or allows the surface to interact in a particular way with the fouling material. Minimizing the energy of a surface reduces the strength of any potential adhesive interaction between the surface and a fouling material, known as the work of adhesion, W a . The contribution of the interfacial free energy of a surface (γ s 1 v ) to the work of adhesion is commonly represented by the equation W a = γ s 1 v + γ s 2 v − γ s 1 s 2 , where γ s 1 v and γ s 1 s 2 are the interfacial free energy for the foulant and the foulant-substrate interface, respectively [10, 11] . Surfaces designed with this approach commonly use silicones or fluorinated polymers, which are among the lowest surface energy materials [12] . Beyond interfacial energy considerations, surface chemistries which interact specifically with a fouling material vary more widely, from zwitterionic polymer surfaces designed to repel biofilms and proteins [13] [14] [15] [16] , to conductive films for the repulsion of dirt and dust [17, 18] . Common drawbacks of designing a surface based on chemical functionalization involve the lower attainable limit of surface energy and the complexity of achieving particular desired interactions.
The next design approach which can be used to limit solid fouling is tuning the physical properties of the surface, specifically its elastic modulus. In the case of a rigid material adhered to an elastic surface, the strength of that adhesive bond is proportional to both the work of adhesion and the elastic modulus, E, of the surface material by the relation σ ∝ √ W a E/t, where t is the film thickness [19] [20] [21] . The rationale for this is that the total energy of a surface consists of both its elastic strain energy (a proportional function of modulus) and its interfacial free energy [19, 21] . When the de-bonding of a contaminant from a surface involves the macro-scale deformation of the surface, as in a rigid material de-bonding from an elastic surface, this elastic strain can significantly increase the overall surface energy. Minimizing the elastic strain energy of the surface by reducing its modulus lowers the equilibrium barrier for fracture of the adhesive interface [21] . Therefore, by lowering the modulus of the surface material, the adhesion of solid fouling materials can be reduced dramatically. In fact, while the interfacial free energy difference between smooth surfaces of a high energy metal such as iron (2.4 J m −2 ) [22] and the lowest energy material C 20 F 42 (0.0067 J m −2 ) [23] is only a factor of 100, the modulus between a hard and soft surface can vary over as many as 5 orders of magnitude [24, 25] . Thus, when bulk deformation occurs, [30] [31] [32] (obtained from CDC Public Health Image Library under public domain) and marine algae adhered to a ship hull [33] , along with hard fouling materials like barnacles [34] (image reproduced with permission from [35] , licensed under https://creativecommons.org/licenses/by/4.0/), clathrates in petroleum pipelines [36] (image reproduced from www.usgs.gov under public domain), ice on a wind turbine blade [37] reproduced from [38] (with licence under https:// creativecommons.org/licenses/by-nc-sa/3.0/) and inorganic scale deposited in a pipe carrying cooling water (licensed under https://creativecommons.org/licenses/by-sa/3.0/deed.en).
reduction in the surface modulus can have a more significant effect on foulant adhesion than the intrinsic work of adhesion of the surface, which is controlled by chemical functionalization. This approach raises one primary concern: the durability of low-modulus surface materials. A final approach for surface design is control over surface microtexture. While textural approaches are a critical component of designing for the reduction in liquid fouling [26] , in the case of solid fouling, microtexture is typically detrimental as it increases the adhesive/interfacial contact area or creates the potential for an interlocking interface across which de-bonding is significantly hindered [11, [27] [28] [29] . Some niche applications using textured surfaces will be mentioned where relevant in this review, but overall, the approach is considered to be outside of the design guide proposed.
(b) Influence of foulant material properties
With these key design approaches defined, the question becomes how can the properties of a fouling material be used to determine which is the most effective approach towards antifouling surface design. As was just described, the mechanism for a solid to de-bond from a low-modulus surface involves the deformation of the surface by the fouling material when an external force is applied [19] [20] [21] . This deformation increases the elastic strain energy of the surface, which is limited by the modulus of its material [19, 21] . However, when considering a broad list of potential foulants, it becomes clear that only foulants with sufficiently high intrinsic modulus will be able to cause the deformation of a plausible range of surface materials and de-bond via this mechanism. In these cases, the minimization of the elastic modulus of a surface will have a significant, and often dominating, effect on foulant adhesion. Therefore, it is apparent that the rigidity of the fouling material, and specifically, its modulus in comparison to potential surface moduli, is critical in directing low adhesion surface design. Low solid adhesion surface design guide, which categorizes fouling materials according to their length scale. Fouling length scales are indicated for bacterial cells [41] , biofilm thickness [30, 42] , algal spores [43, 44] , diatoms [45] , barnacles, wax [46] and ice [47] [48] [49] . Elastic modulus values for bacterial cells [50] , biofilms [30] [31] [32] , algal spores [33] , diatoms [45] , barnacles [34] , wax [51, 52] , ice [37, 53] , clathrates [36, 54] and inorganic scale [55, 56] are also provided in order to indicate whether the effects of surface chemistry or surface elastic modulus will be most potent in minimizing the fouling of that material. Subset images A, B and C illustrate typical micro-, meso-and macro-scale ice fouling, respectively. Subset image A is an image provided by NASA, and is in the public domain. Subset image B was taken by the authors. Subset image C is adapted with permissions from [57] , copyright © 2013 American Chemical Society.
elastic modulus, a general guide can be set which allows a researcher to predict the relative impact of chemical versus mechanical factors upon their surface design. This is illustrated in figure 1 . Although the straightforward simplicity of this division between hard and soft foulants is appealing, many surface design approaches do not fit this trend. Examples of this include surfaces designed to repel dry dirt or ice crystal nucleates, which rely on chemical approaches despite the high modulus of the typical components of soil and ice [17, 18, 39, 40] . Clearly, the initial guide in figure 1 is insufficient to capture the scope of solid fouling. In revisiting the criteria for surface modulus-based design, it is evident that not only must the fouling material have adequate intrinsic modulus, but it must be of sufficient size in order to deform the bulk of the surface and bring elastic strain energy into consideration. With this in mind, an extra dimension needs to be added to our guide to account for the length scale of the fouling phenomena. A key example of this scale variation in a fouling material is ice, which can range from centimetres thick sheets with adhesion areas of square metres, to microscopic nucleation sites. Additionally, it is important to note that even for large, high modulus fouling materials, some reduction in adhesion due to the chemical functionalization of the surface can be obtained, as is indicated in the discussion above. What primarily varies across the scope of this design guide is the ability of a fouling material to deform a surface during de-bonding and thus bring elastic strain energy effects into consideration. The larger the degree of deformation of the surface, the more its elastic strain energy will contribute to the equilibrium barrier for fracture of the interface [21] . In these cases, the reduction in the surface modulus will have a dominant effect on minimizing the adhesion strength of the foulant, because the surface modulus can be tuned over many more orders of magnitude than the work of adhesion, which is controlled by chemical functionalization. most elastic surfaces during de-bonding, chemical functionalization and reduction in surface modulus have competing effects on foulant adhesion. The enhanced version of our guide, presented in figure 2, indicates which surface design approach, chemical functionalization or low-modulus substrate, will have a dominant effect in reducing solid adhesion. The delineations between the regions in this guide are estimated based on the predicted ability of foulants at each modulus and length scale to deform a range of elastic bulk materials. This design guide accounts for fouling from materials of moderate modulus or length scale where both strategies can be effective.
The remainder of this review is dedicated to an overview of a myriad of surfaces which have been designed to limit fouling from a wide range of contaminating solids. Discussion centres around the ways these designer surfaces fit into the framework presented in figure 2 , as well as how this framework can guide the future of low adhesion surface design.
Ice fouling
One of the most significant examples of solid fouling that affects both commercial and residential activities is the unwanted accumulation of ice on surfaces. From nucleates of frost to sheets of solid glaze [58] , ice contamination poses an expensive problem for many major industries. Common applications where ice is a challenge include airplane wings [3, 4, 59] and power lines [5, 60] , as well as locks and dams [61] and other mechanical components. Ice fouling also impacts renewable energy technology, impeding the function of solar panels [62] and wind turbines [63] . While a myriad of low ice adhesion (τ ice ) surface designs are proposed in the literature, the primary methods of combatting ice accumulation in industry still involve active deicing. Surface heating, by hot air or electrothermal pulses [4, 63] , is a common approach, but is extremely energy intensive. Similarly, mechanical shock or vibrations require both energy input and consistent surface monitoring [5] . Particularly for airplanes, organic liquids with low freezing temperatures are routinely sprayed onto surfaces to remove accumulated ice, which requires significant treatment time for a short-term solution [59] . These cases of ice fouling, combined with currently inadequate solutions, demand the development of passive, low ice adhesion surfaces which are durable enough to survive under relatively harsh environmental conditions.
In the context of solid fouling materials addressed in this review, ice has a very high innate material modulus, on the order of 1 GPa [37, 53] . However, when placing low adhesion surface designs within the framework of figure 2, it is equally critical to note the exceptionally broad length scale over which ice can act as a foulant. The critical radius for an ice nucleus to become stable and grow is reported by multiple groups to be in the single nanometre range [47] [48] [49] , while bulk ice can easily accumulate on industrial equipment in sheets, which are metres long and inches thick.
(a) Nucleation prevention
Beginning at the bottom of the length scale, many groups have worked to develop surfaces which delay or prevent the nucleation of ice. The most commonly attempted method in this regard has been the fabrication of superhydrophobic surfaces (SHP). Through a combination of low surface energy and microtexture [64] , SHP surfaces support water above entrapped pockets of air (known as the Cassie-Baxter state) [65] . The low surface energy, minimal effective surface area and thermal insulation from entrapped air for an SHP surface in the Cassie-Baxter state is desirable to minimize opportunities for heterogenous ice nucleation. SHPs have displayed the ability to retard ice formation from saturated vapour onto a surface held at −8 to −10°C [66] [67] [68] [69] . However, such surfaces were minimally effective at −23°C [66] . One nanotextured SHP designed by Jung et al. [49] was able to generate a 25 h freezing delay at −21°C. However, frost was eventually able to form on all surfaces under freezing conditions. Along with delaying frost formation, the ability of SHPs to bounce or roll water droplets off a surface [70] has led to experimentation and modelling on their capacity to repel freezing rain and condensate before it can nucleate [71] was determined by Bahadur et al. [71] that pinning and nucleation would occur before a falling droplet bounced off from an SHP surface at −20°C or below. Multiple groups have, however, reported that the application of sufficient pressure (including Laplace pressure) or exposure to small droplets (i.e. initial condensation) can instigate a transition from the Cassie-Baxter state to the Wenzel state where the contacting liquid displaces all the air present and fully wets the surface [48, 70, [72] [73] [74] [75] [76] [77] [78] . Critical issues with SHPs arise when ice or condensation is able to penetrate the surface texture (figure 3a). Such complete wetting leads to more rapid heterogenous nucleation due to an increase in effective surface area, as well as to the subsequent high adhesion of bulk ice which can interlock mechanically with the texture [27, 72, 76, 81] . Lastly, the highly textured surfaces of SHP surfaces are subject to damage from mechanical abrasion, which increases the presented surface area for nucleation and limits the SHP surfaces' ability to delay ice deposition [72, 82] . Ultimately, surface design has shifted away from the SHP approach under the realization that anti-icing designs must optimize the surface wettability while minimizing roughness [49] .
Multiple chemical approaches have also been taken to limit ice nucleation onto a surface by engineering a particular interaction between the surface and ice nucleates. The grafting of antifreeze proteins (AFPs), found in organisms with the ability to survive in subzero conditions, has been shown to delay or prevent frost formation on aluminium and glass surfaces (figure 3d) [80, 83] . Wong et al. [79] pioneered another novel approach to frost prevention: slippery liquidinfused porous surfaces or SLIPS. This approach is reliant on the inability of ice to nucleate on the molecularly smooth surface presented by an imbibed lubricant (figure 3c). Surfaces designed with this approach include a porous matrix that is functionalized in order to interact strongly with an infused liquid lubricant [79, 84] . Within the framework of this review, lubricated surfaces are not considered as ultra-low-modulus solid surfaces. They behave as liquid surfaces which do not possess elastic strain energy when deformed, meaning that solid de-bonding from lubricated surfaces is not governed by the same mechanism as de-bonding from low-modulus elastic solids. SLIPS-based surfaces have succeeded in delaying frost formation [85, 86] , allowing for the rapid defrosting of surfaces when heated to only 5°C [85] , and lowering the nucleation temperature of water as far as −26°C [87] . The drawbacks of this design are the tendency of lubricant, including different perfluorinated oils and silicone oils, to wick out of the porous texture and onto the frost deposits occurring at non-lubricated sites (figure 3a,b), as well as the inability of porous texture asperities/lubricant to withstand mechanical damage [57, 88] .
In order to combat the issue of depleted lubricant, multiple groups have replaced the infused oil with tethered hygroscopic polymer chains, or simply tethered such polymers to the surface in the absence of porous texture. At low temperature, these chains deliquesce by absorbing water from condensation and swell to form a lubricating surface layer that melts incoming frost nucleates (figure 4a) [82, [92] [93] [94] . In addition to being ecofriendly with no risk of leaching oils [82] , these surfaces have been shown to be abrasion resistant [82] , and to function at temperatures as low as −53°C [93] . A final approach to improving on the SLIPS design for antifrost surfaces was proposed by Sun et al. who fabricated a microporous surface impregnated with antifreeze and capped by an SHP layer. This design enabled their surface to repel the majority of condensation and falling droplets, while liquid or frost that penetrated the SHP texture caused the wicking of the antifreeze, which in turn caused their melting [95] . Although this surface is still vulnerable to eventual liquid depletion, the lubricant wicks out selectively, thereby lengthening its usable lifetime [95] . focused on the facile removal of bulk ice, ranging from approximately 1 cm cubes to large sheets. At an intermediate length scale, in accordance with the design framework given in figure 2, the effects of chemical functionalization and bulk modulus compete for dominance in surface design. With regard to chemical functionalization, a variety of methods have been used to obtain low interfacial energy coatings which inhibit hydrogen bonding with the forming ice. Petrenko & Peng [96] used a variety of self-assembled monolayers (SAMs) with a range of surface energies to demonstrate that the shear adhesion of ice scales with the work of adhesion. Meuler et al. [90] arrived at a similar conclusion by studying polymeric coatings filled with varying amounts of fluorinated polyhedral oligomeric silsesquioxane, a low-surface-energy additive (figure 4c). Zou et al. and Sojoudi et al. also confirmed this result using chemical vapour deposition (PECVD) of fluorinated and non-fluorinated components [97, 98] . Fluorinated sol gels, and annealed silicone and fluorine containing block copolymers are among other coating types which demonstrate the utility of lowering solid surface energy to lower ice adhesion [99, 100] . While these results are encouraging, the theoretical lower limit of τ ice on a smooth, non-elastic, low-energy surface is only approximately 150 kPa [91] . Therefore, additional strategies are needed to fabricate low τ ice surfaces.
One design approach is to capitalize on the mobile interface enabled by SLIPS surfaces, which were previously discussed in the context of ice nucleation. Many SLIPS surfaces have demonstrated low τ ice [85, 86, 88, 101] , down to 15 kPa [85] . However, such surfaces are still afflicted by the tendency of the lubricant to leach out of the surface, and of the asperities of the porous matrix to sustain mechanical damage. Multiple modifications to SLIPS surfaces have been adapted in order to improve ice adhesion performance. Once again, surfaces containing hygroscopic polymers have been presented as an alternate method of generating a lubricated surface, and have been successful in reducing τ ice to as low as 20 kPa (figure 4a) [82, 92, 93] . Vogel et al. [89] demonstrated ice adhesion values of only τ ice = 10 kPa by using colloidal templating to generate closed-cell silica microstructures for SLIPS with tunable porosity, improved containment of lubricant and superior mechanical durability (figure 4b). Yin et al.
[81] adopted a similar fabrication methodology, with the addition of Fe 3 O 4 nanoparticles for photoresponsive thermogenesis, to enable rapid, low-energy surface heating (up to 50°C after 10 s of exposure to near-infrared light). Lastly, multiple groups have developed self-lubricating organogels with τ ice values as low as 0.4 kPa [102, 103] . The gels consist of a low-modulus, lubricant-impregnated polymer network which contracts at low temperatures to expel a surface oil layer [102, 103] . While they are vulnerable to mechanical damage, such surfaces illustrate the potential success of combined chemical and mechanical design strategies in lowering meso-scale ice adhesion.
As the length scale of the fouling ice increases, the success of surface design strategies becomes increasingly dependent on their consideration of the surface elastic modulus. For ice adhered to an elastic surface that it is able to deform, the de-bonding mechanism becomes distinct from that of ice on a rigid surface [104] . As was proposed by Kendall for pull-off of a rigid solid and later extended by Chaudhury to apply to shear detachment, the strength of a solid/elastic interface is governed by the relation σ ∝ √ W a E/t where W a is the work of adhesion, E is the surface elastic modulus, and t is the surface layer thickness (figure 4d) [19] [20] [21] . Multiple groups have demonstrated that ice adhesion on such an elastic surface is a function of both surface energy (included in W a ) and surface modulus [105] , as well as the thickness of a substrate [106, 107] . However, in this region, it is the surface modulus which can be varied over the largest range. To allow macro-scale ice to be shed from a surface, extremely low values of ice adhesion are frequently necessary for a range of applications. For example, in order for a sheet of ice which measures 1 inch thick with 1 m 3 of contact area to passively detach from a typical offshore wind turbine, the ice adhesion strength of the surface must be τ ice < 12 kPa [108] .
Beemer et al. [106] have demonstrated that cross-linked PDMS with an extremely low shear modulus of 10.3 kPa can yield an ice adhesion value of only τ ice = 5 kPa, which it retained after 100 icing/deicing cycles or 1000 abrasion cycles with 400 grit sandpaper. The impact of surface modulus on ice adhesion and durability has been studied most thoroughly by Golovin et al. [91] who tested nearly 60 different compositions of elastomeric coatings to determine the impact of modulus, as well as imbedded miscible oil on surface ice adhesion and durability (figure 4e). They were able to generate multiple coatings with ice adhesion values as low as τ ice = 0.15 kPa, as well as exceptionally durable coatings with ice adhesion values of τ ice < 10 kPa that withstood damage from 100 repeat icing-deicing cycles, 5000 Taber abrasion cycles, thermal cycling and acid/base exposure [91] . They grouped elastic surfaces into three categories: no-slip surfaces, surfaces with interfacial slippage and lubricated surfaces. The no-slip condition, which applies to most surfaces, indicates that ice is rigidly adhered to the surface up until the moment of fracture. By filling low-modulus elastomers with a particular amount of oil, they can be rendered sufficiently mobile to allow ice to slip at its interface with the surface, without adding enough oil for the surface to become lubricated, i.e. form a free layer of oil on surfaces which leads to poor durability. In their follow-up work, the group proposed a design framework to predict the icephobic properties of polymeric surfaces, both thermoplastics and thermosets, based on the fraction of oil added, its miscibility and the inherent ice adhesion strength of the polymers [108] . Based on this framework, they fabricated icephobic coatings from a range of polymers such as polystyrene, polyvinyl chloride, natural rubber and polydimethyl siloxane.
In this section, we have summarized the different approaches in the literature that have been applied to the large commercial problem of ice fouling. This topic clearly demonstrates the need for a design framework dependent on the modulus and length scale of the fouling material, as the effective approaches for resisting ice fouling differ as a function of these parameters. The future of low ice adhesion surfaces rests on the development of higher durability surfaces prepared to meet the low-cost, high-scale demands of industrial use.
Clathrate fouling
Clathrates, or natural gas hydrates, occur when gas molecules become enclosed in the cage-like structures of water to form a crystalline material under conditions of high pressure and low temperature. The structure is stabilized by intermolecular forces, primarily hydrogen bonding and van der Waals interactions. Typical clathrate gasses include propane, methane, cyclopentane, ethane and carbon dioxide [36, 109] . This class of materials poses a significant problem for oil and gas industries where hydrate accumulation inside pipelines can cause blockages, reduce flow and increase pressure build-ups, resulting in loss of production speed, increased energy costs and significant safety hazards [109, 110] . Currently employed solutions to address this issue include the addition of methanol or glycol to a flow stream in order to shift its thermodynamic equilibrium, kinetic inhibitors to prevent hydrate nucleation or anti-agglomeration agents [110] [111] [112] [113] . All of these additives present continual costs to operators, with annual worldwide methanol costs for this application reaching about $220 million in 2003 [113] . Additionally, flow compositions with high water content, or watercut, limit the effectiveness and exponentially increase the cost of these components [114] .
The adhesion of clathrates to common pipe surfaces in a water-free environment is sufficiently low to allow de-bonding by natural flow forces alone [115] . However, Aspenes et al. have shown that in the presence of water, and especially in the case of a hydrated surface, the strength of clathrate-surface adhesion is as much as 10x stronger than clathrate-clathrate adhesion. Surfaces tested by the group included carbon steel, stainless steel, aluminium, brass, glass and epoxy [116] . As water is commonly present in oil and gas pipeline flows, this result demonstrates the clear need for investigations into low clathrate adhesion surfaces.
Within the context of the solid fouling surface design framework presented in figure 2, natural gas hydrates possess an elastic modulus on the order of 1 GPa [36, 54] and exist on length scales ranging from nanoscale nucleation sites to macro-scale bulk fouling. Research on hydrate surface adhesion has focused on the meso-scale, using chemical functionalization to minimize surface energy. Smith et al. measured the adhesion of tetrahydrofuran hydrates to surfaces functionalized with a variety of silanes to achieve a range of surface energies. They found that a fourfold reduction in hydrate adhesion could be achieved by the lowest surface energy silane layer, which minimized the work of adhesion [117] . Sojoudi et al. followed up on this work by measuring the adhesion of tetrahydrofuran hydrates and cyclopentane hydrates to CVD fabricated surfaces of polydivinylbenzene capped by poly(perfluorodecyl acrylate). Again, it was found that hydrate adhesion scaled with the work of adhesion of the surface, reaching as low as τ clathrate = 20 kPa [97, 118] .
Despite the high modulus of natural gas hydrates in the context of solid fouling materials, to the best of our knowledge, no work has been done to investigate the effects of surface modulus on meso-and macro-scale adhesion of these materials. Owing to the extreme similarity in modulus and chemical composition between ice and clathrates [36] , it is reasonable to assume that many surface design strategies may be shared effectively between the two fouling scenarios. In fact, the CVD surfaces fabricated by Sojoudi et al. [97] were also applied to mitigate ice fouling; however, these surfaces were able to reduce ice adhesion strength to only τ ice = 185.3 kPa. In comparison, as discussed previously, durable, low-modulus surfaces achieved values of τ ice < 10 kPa [108] . Therefore, by considering the high modulus of this foulant and incorporating surface elasticity into low hydrate adhesion surface design, significant additional reduction in adhesion strength may be achieved.
Inorganic scaling
The deposition of inorganic scale [119] is a major challenge in a range of industries including oil and gas, water desalination and power generation [120] [121] [122] . The uncontrolled build-up of scale can cause flow restriction and increased friction in pipes (figure 5a), under-scale surface corrosion of metal parts and loss of heat transfer efficiency through fouled surfaces [120, 122, 126] . In water desalination applications, equipment design must allow as much as 40% additional heat transfer area to account for fouling by inorganic scale [127] . The costs incurred by industry as a result of scale fouling can be enormous, stemming from both operational losses and increased energy demands, as well as the continued maintenance of fouled systems [120, 126] . Current approaches to combat inorganic scaling require mechanical removal and the use of chemical inhibitors to delay or prevent nucleation [120] [121] [122] 126] . Mechanical approaches can be costly and are difficult to apply to many equipment configurations, especially without incurring significant equipment down time [120, 121] . Chemical inhibitors and cleaning agents also present high costs, while introducing potentially damaging contamination to both products and the environment [120] [121] [122] 126] . Consequently, the need for passive, antiscale adhesion surfaces is clear to limit costs and improve efficiency in a myriad of critical industries that use heat exchangers.
In order to place inorganic scale deposits within the fouling material framework presented in figure 2 , it is critical to recognize that inorganic scaling exists over a broad size range, from microscopic nucleation sites to deposits which are inches thick with square metres of surface area. The modulus of inorganic scale is typically estimated from the modulus of CaCO 3 , one of the most common scaling materials observed in industry [124] . With a value on the order of 10 GPa [55, 56] , CaCO 3 is the highest modulus fouling material addressed in this review. Therefore, the length scale of fouling will be critical in determining whether chemical-or modulus-based surface designs will have the greatest impact on reducing CaCO 3 adhesion strength.
Multiple surfaces have been proposed which use chemical functionalization to inhibit deposition during nucleation and early-stage adhesion. Research efforts have widely confirmed that reduction in the interfacial free energy of a surface results in: an increase in the final heat transfer coefficient for that surface in scaling environments [121, 128] , a reduction in the adhesion strength of scale deposits [120] [121] [122] 124, 126, [129] [130] [131] , a reduction in the nucleation rate of scale on the surface [120, 124, 130, 132, 133] and increased porosity of the scale deposits which do form (figure 5b) [126] . Specifically, multiple groups have identified the minimization of the polar component of the surface energy for a surface as the most impactful factor in limiting fouling [120, 129] . Microscale roughness was found to increase both the rate of heterogeneous surface nucleation and the adhesion strength of deposited scale due to the increased surface area and mechanical locking effect of the impregnated texture [ led to higher density deposits due to enhanced nucleation density and the orientation of the crystals [135, 136] . While some previous works reported low-energy surface designs that use SAMs [120, 124] or fluorinated polymers [122, 129, 130, 132] , the harsh environmental conditions of heat transfer applications require that surface coatings be thermally conductive, heat-resistant, and resistant to mechanical abrasion [121, 131] . Diamond-like carbon coatings have been used by multiple groups for this application because they are chemically inert, thermally conductive, durable and have low roughness values [128, [130] [131] [132] . Zhao & Wang [131] demonstrated that fluorine-doped diamond-like carbon (DLC) can significantly reduce the adhesion of scale deposits. The electric double-layer theory states that the implantation of low metal character elements such as F, Si, H and C into a metal layer will reduce the ionic nature of its surface and consequently lower the surface energy [121] . Multiple groups have capitalized on this effect and demonstrated the correlation between low scale adhesion and increased elemental implantation into metal heatexchanger parts [121, 133, 137] . Other ultra-durable, thermally conductive coatings in the literature include fluorine-doped tantalum carbide [128] and NI-P-PTFE composites [126, 133] .
Despite the high modulus of inorganic scale as a fouling material, and its frequent occurrence at relatively high length scales, to the best of our knowledge, no experimental literature exists on the effect of surface modulus on scale adhesion. This can be attributed to the unique requirements of conductivity, heat-resistance and mechanical durability for heat-exchanger coatings which eliminate virtually all elastic bulk materials from consideration. Müller-Steinhagen and Zhao reported that due to the thermal resistivity of polymeric materials, effective heat transfer would require a coating thickness less than 5 µm [121] , which would eliminate the impact of its elastic properties. As an alternative strategy, multiple groups have investigated lubricated surfaces, which possess a molecularly smooth surface to limit potential nucleation sites and a liquid surface interface to minimize scale adhesion. Subramanyam et al. [125] fabricated etched silicon samples impregnated with silicone oil and successfully demonstrated an over 48 h delay in scale nucleation, as well as a 10x reduction in adhesion strength when compared with bare silicon (figure 5d). Masoudi et al. demonstrated significant improvement in delaying scale nucleation, even over lubrication infused silicon oil substrates, by fabricating gel magnetic slippery surface (MAGSS). MAGSS are composed of styrene-ethylene-butylene-styrene triblock copolymer infused with a ferrofluid (figure 5c). These surfaces demonstrated scaling nucleation prevention for over 120 h under flow [123] .
In this section, we have summarized multiple approaches in the literature which have been designed to address the issue of inorganic scaling. Ultimately, the future of low scale adhesion surfaces rests on the innovative development of high durability, high conductivity, heat resistant, low surface energy surfaces that can meet the low-cost, large-scale demands of industrial heat-exchanger applications.
Dust fouling
The adhesion of dust and particulate matter to surfaces represents another key type of solid fouling. Dust accumulation has the potential to dramatically reduce the output of solar panels by scattering and absorbing solar rays [138] [139] [140] [141] [142] [143] . This impediment is particularly damaging in arid climates where infrequent rainfall and water shortages limit cleaning, high temperatures and dust storms exacerbate fouling, and low humidity increases static build-up [138, 141, 143, 144] . Additionally, the heat transfer efficiency of heat exchangers in multiple industries is impacted by surface dust fouling, as well as the resultant air-side pressure drop within the exchanger [145, 146] . Dust fouling has also been posed as a significant impediment to space science; expeditions to both the Moon and to Mars have experienced complications as a result of dust contamination [147] [148] [149] . While many self-cleaning surfaces have been developed which allow water to undercut adhered dust and rinse it from a surface [150] [151] [152] , this review will focus only on the adhesion of dry dust as a solid foulant.
The elastic modulus of dust is virtually impossible to assign as the term encompasses particulates of a broad range of compositions. Dust primarily includes organic minerals, but also other materials such as pollen, hair or even human and animal cells [143] . What unites these components is their scale; dust particles are less than 500 µm in diameter [143] . This small length scale indicates that the chemical functionalization of a potential low adhesion surface is critical to its design. In 1980, Cuddihy [153] identified five surface properties which could be used to limit dust adhesion: hardness, roughness, hydrophobicity, surface energy and chemical cleanliness (particularly from water soluble salts). Of these, surface hydrophobicity/surface energy, as well as roughness, have been researched most thoroughly. Researchers have identified two primary factors influencing dust adhesion: van der Waals and electrostatic forces [147, [153] [154] [155] [156] . van der Waals interactions can be reduced by lowering a surface material's polarity and interfacial free energy, while electrostatic interactions are increased when surface charge induces coulombic interactions with particulates [147, 153] . Additionally, Said et al. [141] demonstrated that the effect of surface texture depends strongly on its scale. Features larger than contaminating particulates will trap dust, while features on a smaller length scale limit the surface area which is presented for adhesion.
Jang et al. [139] used nanoscale texture, in addition to low-energy fluorinated surface functionalization to fabricate a superhydrophobic coating which reduced dust adhesion by 400% when compared with an untreated surface. Quan & Zhang [157] demonstrated that the texture required to achieve superhydrophobicity is not necessary to achieve dust repellency by fabricating and testing smooth tetraethoxysilane sol-gel coatings which minimize van der Waals effects and eliminate the risk of particle trapping. Multiple groups have confirmed that dust adhesion scales with the interfacial free energy of the surface, primarily by testing low surface energy fluorinated surfaces [18, 147, 158] .
Surface conductivity also plays a critical role in the reduction of dust fouling, as it prevents charge build-up which will increase electrostatic forces [143] . Dove et al. [147] demonstrated that conductivity can have a much larger impact on the attraction of dust particles than surface energy alone. Sueto et al. [156] created another conductive coating from a combination of WO 3 and partially hydrolysed tetraethyl orthosilicate and demonstrated low dust adhesion. Joseph et al. [155] demonstrated Indium Tin Oxide as a dust-repellant, conductive material with exceptional durability against abrasion, humidity, salt spray and thermal cycling. Fenero et al. [18] used laponite clay nanoparticles, partially functionalized with perfluoroalkylsilane, to fabricate an antidust surface which is both low energy and conductive. Continuing to investigate surfaces which are mechanically durable, low surface energy and conductive will enable researchers to improve the technology available to address the wide occurrences of dust fouling in both commercial and residential settings.
Paraffins and wax deposition
Wax and paraffin deposition can cause plugging of crude oil transportation pipelines and lead to production losses, cleaning downtimes and increased labour costs for oil and gas industries [159, 160] . Much of the attention in petroleum fouling mitigation is given to deposit-inhibiting additives such as polymers [161] , n-alkanes [162] , wax crystal modifiers [163] , dispersants [164, 165] and even microbes [166, 167] . However, such chemical additions to crude oil can be costly and require additional separation steps amidst an already complex and expensive purification process. Reports from field testing provide an indication of what pipeline coating strategies are commonly adopted, and offer clues for future antifouling strategies [168, 169] . It is important to note that coatings designed to prevent wax deposition must withstand the harsh conditions inside of a petroleum pipeline, including severe abrasion, high temperature, high fluid shear stresses, and avoid chemical reactions with a myriad of organic compounds such as crude oil, resins, asphaltenes, waxes, scales, fines and water. Laboratory experimental designs in this case typically do not consistently mimic the technical complexities associated with on-site field application [170] .
It is difficult to obtain a concrete modulus and length-scale range for paraffin waxes due to the diversity in their chemical composition, as a result of variability in processing conditions. However, reported values of modulus range between 61 and 250 MPa [51, 52] . Although our design guide (figure 2) predicts that surface modulus and chemical functionality would have comparable effects on lowering the adhesion of foulants in this range of modulus, most efforts in the literature have been directed towards controlling surface free energy. The earliest antiwax coatings date back to the 1960s and use Bakelite lacquer, epoxy resins and enamel as a form of wax control [169, 171] . Jorda investigated paraffin deposition on mill scale steel, as well as steel coated with smooth epoxy-phenolic and polyurethane coatings. They observed that after passing a wax-oil solution over these surfaces, less weight of paraffin was deposited on both of the smooth polymeric coatings, indicating an effect of both surface chemistry and texture on paraffin deposition [168] .
Many early studies demonstrate surface energy and roughness as co-dependent factors in paraffin adhesion [168, 172, 173] . Quintella et al. [174] showed the dependence of wax deposition on the contact angle of a surface with paraffin oil. They observed high wax deposition rates for vinyl acetate copolymers with 28% oxygen content (EVA28) when compared with the more hydrophobic polymers, polypropylene (PP) and high-density polyethylene. Zhang et al. [175] tested paraffin deposition in crude oil for different surfaces. Low-energy surfaces such as polyvinylidene fluoride, poly(vinylidene fluoride)-chlorotrifluoroethylene and a methyl acrylatestyrene copolymer were tested and compared with higher surface energy polyurethane and epoxy surfaces. They demonstrated a decrease in paraffin deposition (of up to 75% compared to uncoated aluminium) with decreasing surface energy of the coating. They claimed that a combination of surface composition, chemical functionality and surface density of the functional groups affects wax wettability as measured by contact angle hysteresis with crude oil. This in turn controls the work of adhesion of paraffin on the surface. Rashidi et al. [176] recently showed approximately 86% reduction in grams of paraffin wax deposition from Malaysian (Tapis) crude oil on ethylene-tetrafluoroethylene versus steel and PVC. Finally, substrates coated with DLC (surface energy of approx. 30 mN m −1 ) also allow for low paraffin deposition, with the additional advantages of being able to withstand the harsh abrasive and thermal environments within an oil pipeline [177] .
The impact of surface energy has been typically investigated within the context of mass deposition rates of wax and paraffin on different industrial surfaces, as opposed to direct surfacewax bond/adhesion measurements. Our design framework suggests that alteration of surface modulus may offer an avenue for continued improvement. Further research into the correlation between coating stiffness and wax deposition rates, as well as bond adhesion, may demonstrate the benefits of lowering modulus and perhaps offer avenues to use the synergistic advantages of low surface energy, highly elastic materials. The high durability demands for surfaces applied to oil transportation pipelines will likely present the greatest hindrance in this development.
Protein fouling
The contamination of surfaces by biological matter and organisms, or biofouling, is problematic for a multitude of fields and applications [119] . Within the medical realm, biocontamination can be dangerous for implants [178] [179] [180] [181] , surgical equipment [182] [183] [184] , catheters [185] [186] [187] [188] and hospital beds [189] . Biofouling is also problematic for food packaging and storage [190] [191] [192] [193] , filtration [194] [195] [196] [197] [198] , as well as marine vessels [1, 199, 200] and infrastructure [201, 202] . It is therefore imperative to develop antifouling surfaces which resist the attachment of biological organisms.
Unlike other forms of undesired solid adhesion, biological fouling is multiphasic, with each phase building on, or aiding the next. Biological organisms also possess the ability to divide, and to adjust based on the properties of the underlying surface [203] . The fouling process typically begins with protein adsorption on a surface, which serves as a conditioning layer for larger order organisms [203] [204] [205] . This process can occur within seconds, or minutes [203] . Besides acting as a conditioning layer for attachment of larger organisms, the adsorbed proteins can hamper the performance of immunological assays [206, 207] , lead to thrombosis for medical implants [208, 209] and aid in the formation of platelets within certain microfluidic devices [208] . It has been demonstrated that even 10 ng cm −2 of the protein fibrinogen adsorbed on a surface can lead to blood platelet formation [208] . Surface design should thus be focused not only on the reduction in large bio-organisms, but also on protein fouling independently.
Proteins are complex biomaterials which consist of one or more ordered polypeptide chains [210] . These polypeptides can have a wide array of functionalities, causing either hydrophilic or hydrophobic character. Within aqueous solutions, proteins take on a metastable globular form where the majority of the hydrophobic functionality is ordered within the interior, while the hydrophilic side groups are oriented to the exterior [210] . The metastability of proteins is a result of a decrease in conformational entropy for the ordered interior non-polar groups which is somewhat overcome by their hydrophobic interactions, as well as by the enthalpic stabilization of the outer hydrophilic groups by surrounding water molecules [210] . This makes proteins susceptible to chemical, thermal or mechanical perturbations, which can lead to unfolding, and adsorption. Low surface energy hydrophobic surfaces, although able to repel high surface tension fluids, will cause protein adsorption by disrupting their metastable state. Additionally, even though proteins vary broadly in modulus [211, 212] , their small length scales do not allow for the low surface modulus approaches previously discussed to be a sufficient solution to combat adhesion. Regardless of the inherent challenges, chemistry-based approaches can be useful in rendering certain surfaces protein-resistant.
Poly(ethylene glycol) (PEG)-based grafted polymers are among the most commonly studied surface treatments used for the prevention of protein adsorption [213- Figure 6 . Protein repellency mechanism for a hydrophilic, brush-like grafted polymer [210, 213, 219] . Protein adsorption onto grafted PEG results in the release of the hydration barrier from both the polymer and the protein. This process increases the entropy for water, but is outweighed by a decrease in conformational entropy for the polymer. The net result is entropically unfavourable for protein adsorption. ( H Ads ) for the protein-polymer interaction can either be favourable or unfavourable depending on the paired species [210, 222] . More strongly bound water results in less favourable protein adsorption.
one of the first groups to study the antifouling characteristics of grafted PEG. With a simple model, the group found that as a protein approaches a substrate, the PEG chains are compressed, leading to a decrease in conformational entropy, translating to compressive elastic forces [213] . Water molecules attracted to the hydrophilic PEG are displaced as a result of this compression, leading to a thermodynamically unfavourable osmotic barrier [207] . The coupling of both forces acts as a net repulsive force to the incoming proteins [213, 219] . Figure 6 illustrates this process. The extent to which proteins will not adsorb to the surface monotonically increases with an increase in PEG grafting density and chain length [213] . Jeon et al.'s theoretical findings were later confirmed with a more refined model [219] , validating the importance of grafting density, chain length, and polymer chain hydrophilicity.
Using SAMs, Prime and Whitesides were able to attach high grafting density monolayers presenting oligo(ethylene oxide) terminal groups onto gold substrates [207, 214, 223 ]. An array of proteins was introduced to the fabricated surfaces to prove the surface's protein resistance. These proteins included: fibrinogen, pyruvate kinase, lysozyme, and ribonuclease [223] . All tested proteins were repelled by the SAMs [223] . Contrary to previous studies claiming the importance of long grafted chain lengths, high-density SAMs presenting only two monomer groups of ethylene oxide displayed notable protein resistance [223] . This discovery does not contradict the theory proposed by Jeon et al. [213, 219] , as it demonstrates the importance of high grafting density which was previously fulfilled by substantially longer PEG chains [207] . Additionally, this finding reinforced the importance of polymer hydrophilicity in order to create a hydrated barrier for impinging proteins.
To take this understanding further, many groups have studied zwitterionic grafted polymers to impart protein resistance [13, 15, 16, [224] [225] [226] . Zwitterionic polymers tightly bind to water due to the strong dipole created by anionic moieties [228] . It has also been suggested that the structure of zwitterionic groups forces water into a highly ordered array [229] . As a consequence, relatively high amounts of energy are required to disrupt the organized water molecule network supported by the zwitterionic moieties (figure 7a) [229] . Early studies were conducted by Holmlin et al. [15] and Tegoulia et al. [224] on the protein fouling resistance of phosphorylcholine-based zwitterionic SAMs. As expected, both groups observed low comparative levels of protein adsorption on the zwitterionic SAMs due to the strongly bound hydration layer. Chang and co-workers [225] studied blood plasma and platelet adsorption to zwitterionic grafted surfaces, as well as methyl and oligo(ethylene glycol) terminated SAMs [226] . The group observed ultra-low levels of both platelet and blood plasma proteins adsorbed to the zwitterionic surface when compared with the controls. Scanning electron microscopy and surface plasmon resonance (SPR) were used to confirm these findings (figure 7b). Beyond protein antifouling, grafted zwitterionic polymers have displayed notable long-term bacterial resistance as shown by multiple groups [14, [230] [231] [232] . Li et al. [232] developed a sophisticated, easily applied, bacteria-and protein-resistant zwitterionic polymer termed pSBMA300-catechol. This polymer, when grafted to NH 2 functionalized glass, resisted the adsorption of a wide range of proteins, in addition to bacteria over a 70 h period (figure 7c) [232] . Zwitterionic polymers have also proven to be more robust than PEG and are not limited to being implemented as a weakly bound SAM [233] [234] [235] [236] [237] [238] . Moreover, PEG auto oxidizes within air and aqueous solutions into aldehyde-terminated chains, severely diminishing its protein resistance [238] . Zwitterionic grafted polymers thus have proven to be an overall advantageous route to achieving durable, long-term, protein-and bacteria-resistant surfaces.
Polymer fouling
Unlike protein fouling, organic polymer fouling has been infrequently studied. Polymer fouling can lead to: contamination during polymerization reaction processes [239] , down time during reactor cleaning cycles [239] , ineffective filtration [240] and inefficient heat exchangers [241] . In biological settings, algae and diatoms secrete extracellular polymeric substance (EPS) when adhering to a given surface [205, 242] . EPS strengthens their attachment, but can be problematic for a variety of marine applications [205, 242] . Polymers in solution, although unlike the metastable proteins, exhibit a similar surface repellency mechanism shown in figure 6. Organic fouling within an organic solvent was studied extensively by Wang et al. [243] . The group investigated the comparative polymer repellency of a single fluorine atom terminated alkyne monolayer, with alkyne monolayers containing 17, 3 and 0 fluorine atoms [243] . The single fluorine terminated monolayer proved to be highly repellent to a broad range of polymers with varying functionalities [243] . This finding closely matches the models proposed for protein adsorption as the strong dipole created by the single fluorine terminated monolayer strongly attracted the dimethylformamide (DMF) solvent, creating a barrier to adsorption of polymer chains. The single fluorine atom monolayer did however foul when encountering P2VP/DMF [243] . As confirmed by simulations, the interaction between protonated pyridine moieties, and polarized C-F groups was strong enough to break through the solvent layer and overcome the decrease in conformational entropy of the grafted monolayer [243] . The study of polymer antifouling in solution is still in its infancy, allowing for new opportunities to develop techniques to mitigate this phenomenon.
Marine fouling
Marine fouling materials are a special class of foulants in that they represent a diverse community of organisms with varying sizes, preferences to surface settlement, attachment as well as release mechanisms ( figure 8a-i) . This causes marine fouling to be time-dependent, and possess a unique evolutionary attachment sequence. Figure 9 . The marine fouling sequence observed on a surface underwater. Within the first few minutes, a layer of organic macro-molecules, known as the conditioning layer, is formed and fouls the surface [242, 249, 250] . After 1-2 h of submersion, planktonic bacteria colonizes the conditioning layer [250] . Within several days, the substrata become a habitat for larger unicellular organisms such as diatoms [205, 242] followed by multicellular species of larvae, algae and algae spores (image licensed under https://creativecommons.org/licenses/by/3.0/deed.en). After several weeks, the surface experiences fouling from increasingly complex organisms such as tunicates, mussels and barnacles [205, 251] . A consequence of fouling on a ship hull is the increased drag experienced by the vessel in motion which increases costs and extends downtime during hull maintenance [200] .
however, they can be highly damaging to underwater sensors and increase drag experienced by marine vessels several fold [247, 248] . This in turn raises their fuel consumption [1, 200] , and environmental pollution. Furthermore, ship maintenance for removal of these organisms extends down time and cleaning expenditures [1] . When a surface is submerged underwater in a marine environment, it provides a fresh surface on which an ecosystem can develop. First, an organic layer composed of humic acids, uronic acids, carbohydrates, amino acids and proteins is formed within the first few minutes of fouling [242, 249, 250] . This film provides an 'environment signal' that activates production of the necessary genes, proteins or even structural changes [250] (metamorphosis) that encourages planktonic bacteria attachment on top of the film. This attachment in turn provides a nutrition layer for unicellular organisms such as protozoa and diatoms which bind via mucus or EPS secretion [205, 242] . This surface environment becomes a breeding ground for multicellular species of larvae, algae and algae spores which colonize within several days, followed by increasingly complex organisms such as tunicates, mussels and barnacles over the course of several weeks [205, 251] . It is this dependence on foulant size, geographical location and time that makes marine fouling ( figure 9 ) an intractable issue to solve.
(a) Microbial fouling
One solution to marine fouling that has been explored previously is blocking the initial food supply for the fouling species, namely proteins and bacteria [207, 252] . Given the extremely low modulus of biofilms, between 10 Pa and 600 kPa [30] [31] [32] 253, 254] , these foulants are incapable of deforming any reasonably robust solid substrate. Therefore, consistent with our guiding framework, the role of surface functionalization has been extensively studied to mitigate initial Several groups continue to investigate the utility of low surface energy of materials such as polydimethylsiloxane (PDMS) and fluorinated polymers, as foul-release (FR) coatings [258, 259] . Hydrophobic antifouling coatings, such as Intersleek 1100SR, work by exploiting a fluorinated, low surface energy material that minimizes the surface interaction with slime and subsequent foulants. However, such a design is only effective in dynamic operation (i.e. when a marine vessel is moving) and not for extended static conditions, when the ship may be docked. During docking, such surfaces can be fouled by the adhesion of complex and hard organisms, significantly increasing the ship drag [247, 258] . The argument for hydrophilic surfaces is that the presence of a strongly bound hydration layer will prevent the attachment of foulants. A good example is the Hempasil X3 FR paint which forms a water-retaining PDMS hydrogel network and shows less attachment to marine foulants compared to PDMS and a PDMS coating with fluorinated oils [260] . As discussed previously, zwitterionic polymers work by a similar principle in that they develop a hydration layer that inhibits bacterial attachment by diminishing electrostatic interactions [261] [262] [263] . Additionally, the effect of surface chemistry seems to be species-dependent, i.e. one type of foulant may adhere better than another for a particular surface [264] [265] [266] . Nonetheless, appreciable removal of organic molecules and microorganisms depends more strongly on fine tuning of surface chemistry than on the surface physical properties such as stiffness. Bakker et al. [267, 268] showed minor but observable decreases in the attachment of marine bacteria while lowering the modulus of stiff substrates (from 2.2 to 1.5 GPa). Unless the surface modulus is lowered sufficiently to render marine foulants capable of deforming the fouling surface (E < 50 kPa), the stiffness of the substrate will not affect adhesion to an observable extent [269, 270] .
(b) Diatomaceous fouling
There is considerable literature agreement with the strategy to arrest the initial settlement of larger single-celled microorganisms such as diatoms and protozoa [250, 258, 271] . Species of diatoms such as Navicula pelliculosa were found by nanoindentation to have a hard shell (called a frustule) with modulus varying from 7 to hundreds of GPa, similar to silicas [272, 273] . Losic et al. [274] reported an elastic modulus of approximately 3.4 GPa for Coscinodiscus sp. diatom frustule's perforations. The diatom frustule, or outer shell, is hard with softer mucilage layers underneath (figure 10). Diatoms can bind on different surfaces by secreting mucilage consisting of EPS [275] . Higgins et al. [276] have reported the elastic modulus of the softer mucilage (secreted fluids enabling attachment) layers in Pinnularia viridis and Craspedostauros australis diatoms to be between 0.54-0.76 and 0.25-0.45 MPa, respectively. Marine and freshwater diatoms span minute sizes from 10 2 to 10 9 µm 3 and 10 to 10 6 µm 3 , respectively [277] . At this length scale, based on figure 2, limiting the adhesion of these foulants will again require the tuning of surface chemistry.
Amphiphilic coatings, which possess both hydrophobic and hydrophilic domains, disturb the settlement of hydrophobic and hydrophilic foulants such as Navicula diatoms and Ulva linza zoospores, respectively. Krishnan et al. [266] used block copolymers with ethoxylated fluoroalkyl side chains and outperformed PDMS surfaces in lowering adhesion for these two species. Several other reports also demonstrate the utility of using amphiphilic polymer coatings to reduce the attachment of different marine species [278] [279] [280] [281] [282] . Since most marine foulants are organic, free radical or reactive oxygen species generators may be useful in causing their degradation and thereby reduce fouling. Free radical generators such as titanium dioxide, zinc oxide and tungsten oxide have been previously used to reduce fouling. Although they are usually equipped with photosensitizer dyes to induce more efficient absorption of light, their performance is limited by that incident light's intensity [207] . Another mechanism to cause degradation is biocide deployment. Zargiel et al. published an extensive study on the multi-species diatom fouling of a myriad of coatings including commercial foulreleasers, copper-based surfaces and non-copper biocidal coatings. They found that certain diatoms like Amphora adhere more strongly to FR coatings than on biocide-based coatings demonstrating the inefficacies of modern FR coatings [271] . Commercial coatings, such as Hempaguard X7, use copper pyrithione as a biocide and provide ship protection from fouling marine organisms for up to 120 idle days of operation [283] . Dow's Sea-Nine™ coating is functionalized with biocidal 4,5-dichloro-2-n-octyl-4-isothiazolin-3-one, and targets the adhesion of diatoms, freshwater and marine bacteria, algae, and barnacles. This material displays rapid biodegradability when compared with previously used toxic biocides such as tributyltin (TBT) [284] . However, the biocide is still toxic to numerous non-target species such as tunicates [285] . Several attempts have been made in developing other less toxic biocidal antifouling paints, however, such biocides display varied toxicity among the mixed diatom community [271] . Researchers have also investigated the integration of biocidal and foulant-release coatings. However, getting the biocide to be miscible within the FR silicone polymer networks has proven to be extremely challenging and has hindered this approach [258] .
(c) Macro-fouling
For the prevention of macro-scale biofouling, surface chemistry has been observed to have a limited effect on fouling, while the modulus of the substrate begins to have a more important role (as shown in figure 2 ). Barnacle and mussel adhesion is a complex process, involving the attachment of proteins to any organic substrata via high strength covalent bonding [286] . Lowering the modulus of an elastic foulant-release coating has been shown by several researchers as an effective deterrent against algal plants [33] and barnacles (or pseudo-barnacles) [20, 34] . A significant decrease in detachment force was observed when the coating modulus was reduced 10-1000 times lower than the foulant modulus [20, 33, 34, [287] [288] [289] . Chaudhury et al. observed that the attachment of Ulva sporelings (young plants) was reduced by approximately 80% when modulus of a PDMS coating was reduced 12-fold. The attachment of Ulva spores (size approx. 5-7 µm), however, required a 47-fold reduction in modulus to observe the same per cent detachment [33] . The reason for this is that the sporelings have a well-developed cell wall that increases their overall rigidity. Shultz et al. showed increased removal of Enteromorpha biofilms under shear as they grew in size over a 6-day growth period over a surface coated with Veridian (a commercial FR coating from International Paint). They observed approximately 90% removal for 6-day-old biofilm compared to only approximately 15% removal for 1-day-old biofilm [290] . This shows that FR becomes more prominent for larger biofilms due to increased hydrodynamic shear, as the film grows larger.
The problem of marine fouling draws participation from species of varying sizes and modulus. Minute foulants including soft organic layers and bacteria are incapable of appreciably deforming the coating surface. Therefore, the modulus of the underlying substrata has a much lower effect on settlement and adhesion of such foulants when compared with tuning substrata surface chemistry, which has proven to be the most effective pathway in fouling mitigation. Owing to the vastness in fouling species present in the aquatic environment, with preferential adhesion and breadth in size and rigidity, a single antifouling solution currently does not exist. As for much larger macro-foulants, such as algal plants, barnacles and mussels, and smaller but harder micro-foulants, such as diatoms, substrata stiffness starts to contribute to adhesion as well. An antifouling coating would thus need to have a modulus that is significantly lower than these foulants. However, the coating stiffness must be sufficiently high to maintain durability requirements during its operation lifetime. Hence, extremely soft materials would not suffice as a feasible coating option.
Conclusion
In this review, we have broadly discussed solid fouling, and the various surface design solutions required for effective prevention. Fouling, defined as the undesired adhesion or adsorption of solid contaminants to a given surface, included but was not limited to: ice, scale deposits, wax and asphaltenes, polymers, dust and a complex range of biological matter and organisms. Each form of solid fouling is problematic or dangerous for multiple applications and industrial processes. Some examples covered in this text include ice on airplane wings, clathrates in industrial oil and gas piping, barnacles and mussels on ship hulls, scale on heat exchangers, dust formation on solar cells and protein adsorption to medical implants.
No single engineered surface has been developed which can broadly solve the problem of solid fouling. Many groups have designed surfaces to combat fouling, but typically only a single fouling material is studied at a time. However, certain similarities between each study can help draw a relation between the foulant size and modulus, and the most effective direction for antifouling surface engineering. At small length scales, ice and calcite nucleates, bacteria, algal spores and proteins may be repelled or greatly inhibited by surfaces with carefully designed chemistries. Lowering the surface free energy is often sufficient to reduce fouling at this scale; however, biological matter such as proteins are most effectively repelled by high surface energy molecular brushes. Regardless, the antifouling effects of chemistry-based design approaches dominate for relatively small-scale foulants. Larger fouling scenarios such as ice sheets, barnacles and calcite deposits benefit from low-modulus surfaces for facile de-bonding. These foulants when large enough can elastically deform a rigid surface when under an applied force, and therefore benefit from low-modulus surfaces which reduce the surface elastic energy during the de-bonding process. Some materials with intermediate size or modulus, including diatoms, barnacles and small ice nucleates, may require surface designs which consider both chemistry and elastic modulus for non-fouling surface properties. For example, some diatom species have lengths on the order of micrometres, but possess a high modulus shell that could reach hundreds of GPa. Diatoms and other foulants of this nature therefore require surfaces with low modulus and fine-tuned chemistry for antifouling properties. Thus, there remains an interplay between the foulant modulus and size which dictates the final surface engineering considerations.
To conclude, we have broadly reviewed many modes of solid fouling, as well as the surface design strategies in the literature which have demonstrated effective prevention and/or release. Design considerations primarily include the intrinsic modulus and the length scale of the foulant, as well as the chemical functionality and elastic modulus of the surface. For many situations, when a foulant is low in modulus and relatively small in dimension, chemistry-based approaches to prevent fouling are dominant. Conversely for larger, more rigid forms of fouling, a lowmodulus surface will tend to be most effective for facile removal. Many real-word applications constrain this framework further with the need for a surface to resist high temperatures, chemical damage and mechanical deformation. Therefore, surface durability offers a critical dimension to be implemented within our framework. Many groups have made great strides in the development of durable antifouling surfaces for a range of different applications, and with this continuous progress, we look forward to new developments which will significantly impact this important area.
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